Introduction
Due to its content of highly functional and strategically important metals Waste Electric and Electronic Equipment (WEEE) has been recently discussed as an upcoming source for raw materials. In the same time "recycling restrictions" are one of the key indicators for classifying metals as critical (European Commission, 2014 , 2010 . The present economic and legal boundary conditions result in recycling technologies that are not optimized for the recovery of all materials, in particular not for minor metals. As a consequence, recovery of critical metals from WEEE is, in opposite to the recovery of industrial base and precious metals, limited in current practice.
The project UPgrade aims at an enhanced recovery of trace metals along the value chain by developing new liberation and separation processes (mechanical, thermal, chemical) , considering the technological requirements of final recovery processes. "Upgrading" material flows along the recycling chain does not aim at a 100% recovery of all metals, but is the result of an interdisciplinary decision making and optimization inside recycling networks.
Main drivers for current recycling are the recovery of valuable materials like precious metals (silver, gold), platinum group metals (palladium, platinum) and bulk materials like industrial base metals (copper, steel/iron, aluminium) and plastics. These materials can be used as indicators for measuring the efficiency of current recycling processes and have been defined as "lead metals". Additionally, cadmium and lead are metals of environmental concern which need to be addressed in the recycling chain of WEEE. Approaches developed in the UPgrade project focus on both, lead and target metals in order to establish higher recycling rates of critical elements in combination with economically feasible processes. Figure 1 shows an overview of all addressed metals investigated in this project. This article presents selected results for the particular case of gallium. We want to assess gallium flows in primary production and waste flows related to WEEE with a material flow analysis (MFA). Through this, losses and according recycling potentials related to location and relevance will be identified. In addition, a first approach for the pre-treatment of gallium bearing components will be investigated for its selectivity. Finally, we want to identify potential recycling barriers, which hampers or support the recycling of gallium based on the findings in this study.
Background

Primary production of gallium
Approximately 90 % of produced primary gallium is extracted as a by-product of the aluminium production (Zhao et al., 2012) . Most important primary resource is the mineral bauxite, which is used for both, the aluminium and gallium production (Angerer et al., 2009 ). The Ga content in bauxite ranges from 0.0025 to 0.01 % (Schreiter, 1960) . Therefore, even refined aluminium can contain between 0.017 % and 0.02 % of gallium. With current processing strategies, approximately 70 % of the gallium potential can be extracted; 30 % remain in the red sludge (Zhao et al., 2012) .
Other potential gallium resources are zinc sulfides, respectively by-products of zinc smelting processes. Gallium in low thermal native zinc sulfides can be present with mass fractions up to 0.002 % (Schreiter, 1960) . Up to 3 % of the globally available gallium originates from this source (Løvik et al., 2016) . Moreover, minor concentrations of gallium can be measured in some coal deposits. But, processes for an extraction from coal or fly ashes with reasonable expenses are not developed yet (Løvik et al., 2016; Wittmer et al., 2011) .
In 2014, 444 Mg gallium have been extracted worldwide (U.S. Geological Survey, 2015) . Regarding the refining process, China and Germany had a share of 54 % and 13.5 %, respectively (Drobe and Killiches, 2014) . But, the production and demand is rapidly increasing. Between 2009 and 2011, the production of extracted and refined gallium doubled . This was most probably based on the growing market of general wireless communication and mobile technologies, which are using gallium based power amplifier. This is intensified by higher sales of LED used as background lighting and in lighting industry in general. Estimations reaching till 2050, forecast a demand 12 times higher for gallium (Løvik et al., 2016) .
Use and application of gallium
GaAs, GaA, GaP and GaSb are the most generally applicated gallium semi-conductor compounds (Roskill, 2012) . But almost 99 % of the produced gallium is applied in form of GaAs and GaN (Jaskula, 2014) .
The main end-use-sector of Gallium is in the Electric and Electronic Equipment (EEE) sector being approx. 90 % of the total production. Inside the EEE sector, almost 68 % of the applied gallium is needed for integrated circuits, which are required for high-frequency wireless communication (e.g. mobile 3G, 2G, etc. or WLAN) . The remaining material is mostly used for optoelectronic components like LED or laser diodes for background lighting in computers, TV, mobile phones or photodetectors and solar panels (Jaskula, 2014 ). An overview of the Ga consumption worldwide in 2012 is shown in Table 1 . Ga-consumption per end-use-sector (Roskill, 2012) End-use-sector
Share in 2014
Consumption in 2012
[%]
[t]
Integrated circuit and field-effect transistors 50 177 LED for background and general lighting applications 38 135
Photovoltaics
14
Other 8 28
This study focuses on the application of gallium in the EEE sector. Recent studies from highlight the relevant equipment types from information and telecommunications equipment (IT) and consumer equipment, which were investigated in detail (cf. Table 2 ). (Chancerel et al., 2013; Category Investigated equipment type UNU key
Investigated equipment with gallium on printed circuit boards
Desktop PC 0302
Notebook 0303
Printer 0304
Mobile phone 0306
Video Cassette Recording (VCR) 0404
DVD-Player 0404
Radio/Recorder 0403
Digital camera 0406
Video camera 0406
Video games 0702
Investigated equipment with gallium in LED for background illumination
TFT-TV 0408
Flat screen monitor 0309
Recycling
According to the UNEP -International Resource Panel, 2011, the functional end-of-life recycling rate of gallium is under 1 %. Primary reason is the application of this element only in minor mass fractions in relevant equipment types. First recycling approaches for single components like LED are presented by Swain et al., 2015 or Rotter et al., 2016b . Yet, in general recycling processes, gallium is usually further diluted and subsequently lost. Due to this, gallium is classified as not recyclable (Ciacci et al., 2015) .
Currently, a recovery is carried out only for material streams with high gallium mass fractions. These concentrates arise only in the processing of semi-finished products in form of processing residues, mainly coming from GaAs wafer production. About 45 % of the gallium input in the production originates from this new scrap. (U.S. Geological Survey, 2015)
MFA of gallium
The material flow analysis has been introduced as a systematic approach to track goods, materials and substances to understand the origin and fate in investigated processes (Brunner and Rechberger, 2004) . Only a few MFA studies were carried out for gallium. Most recent studies were presented by Licht et al., 2015; and Zimmermann, 2016 . While Zimmermann, 2016 focus on CIGS, all other studies depict the global gallium flows in the production and partially for the waste management for the year 2010 or 2011. The provided overall quantities give a first indication of recycling hotspots, but in order to deduct concrete recycling strategies, more detailed information is needed. This applies in particular for the waste management.
3. Material and Methods 3.1. Material Flow Analysis Gallium 3.1.1. System boundaries and system description For carrying out a material flow analysis, the lifecycle of gallium was split into three sub-systems, namely "production", "use" and "waste management" (cf. Figure 2) . The use phase is not considered in this MFA. The systems "production" and "waste management" were modeled individually, since the major gallium share from production is exported as semi-finished products and most gallium bearing products are imported. As regional system and time boundary we chose Germany with reference year 2012. The focus is set on IT and entertainment equipment containing gallium bearing PCB or LED (cf. Table 2) . Not all data, necessary for calculating needed transfer coefficients are available for this year. Subsequently, we used approximated and fitted data from other years.
As there is no current recycling of gallium from WEEE, the system ends with the waste management and is not reconnected to the production side. Only recycling efforts in the production processes feed back directly within the production system. Supportive information S2.4.1 shows the detailed qualitative material flow model of the system "production", which is used for further modeling. It contains five process steps that are linked to each other, wherein the sink represents the sum of all losses. The model starts with the primary resource potential (Res) of gallium in bauxite, which is related to efficiencies of status-quo processes. Here, losses (primary waste: PW) are transferred to the red mud (cf. supportive information S2.2.1). The extracted gallium (primary gallium: PG) is then refined to obtain desired purities (cf. supportive information S2.2.2). Losses through refining waste (RefW) are summed up in the "sink production".
Germany has only low refining capacities (Roskill, 2012) . The process itself is not bounded to a specific location (Wittmer et al., 2011) . This leads to considerable import and export masses. The import constitutes the major source of refined gallium for Germany. The export is dominated by unrefined material (cf. supportive information S2.1) . These mass flows are not part of the model, as only a potential from self-supply was investigated.
The refined gallium (RG) is then transferred to the producing industry and applied in wafers (W), which are passed on to the chip producing industry for further processing steps. In addition to losses in both steps (WW and CW), the wafer production generates a recyclate (R) as a by-product, which can be recycled subsequently to secondary gallium. This material is fed to the refining processes of gallium. A final semi-finished product represents the output from the subsystem "production". Supportive information S2.2 provides more detailed information for this subsystem.
The system "production" includes another sub-system named "processing industry" (see supportive information S2.4.2). Here, one individual system was developed based on the wafer and chip production to harmonize various existing processes with fluctuating losses. So far, only in the production of wafers, a recycling of new scrap takes place without considering CIGS solar panels.
Supportive information S2.4.3 depicts the system "waste management", which refers to all relevant IT and entertainment equipment types (cf. Table 2 ). This sub-system starts right after the use phase of EEE. In order to apply an appropriate recycling, WEEE is collected by public waste management authorities, distributers and manufacturers which share the product responsibility (Bundesministerium für Umwelt Naturschutz Bau und Reaktorsicherheit, 2015) . Here, first losses occur due to low collection rates of relevant devices. The collected material is then pre-processed by means of manual and mechanical treatment. Printed circuit boards (PCB) represents the major carrier of gallium and are therefore characterized as a concentrate (C). The separation process of these components is related to losses, basing on low efficiencies in the sorting processes or losses through dust during a mechanical treatment. Pyrometallurgical processes are used for the recovery of metals in PCB. Here, an extraction of gallium is possible but not executed yet. Therefore, no recovery flows of gallium are included in this system. Like in the system "production", the sink is the sum of all losses.
The system "waste management" differentiates between the WEEE streams, which are officially collected and the transfer to the informal sector. But due to inconsistent and fragmentary background data, the waste flows in the informal sector are not part of this study. Supportive information S2.3 provides more information for the subsystem "waste management".
Data collection and processing
The quantitative determination of required data can follow two different methodical approaches. Process input and output flows can be determined by literature research or they can be calculated by using more general transfer coefficient, if no specific data is available. These two approaches were used complementary in this study. Data on transfer coefficients were collected by literature research, expert consultations and reasonable assumptions (cf. supportive information S2.2).
Furthermore, uncertainties in the data sets have been considered and an error propagation has been applied. As the data sources for this MFA are heterogeneous, they should not be used in an equivalent way. Following Laner et al., 2015 , sources have been rated regarding their reliability and according uncertainties have been set up (c.f. Table 3 ). (1) Isolation with copper connectors (2) Metal plates (back of the chip) (3) Electronic modules (chip) (4) Others All fractions were weighted and chemically analyzed with an X-Ray fluorescence analysis (XRF) (Thermo Fisher/ Analyticon XL3 Air) to determine the chemical composition. The samples were measured several times from various angles without any further processing to avoid losses related to milling and decanting.
Analysis of recycling barriers
In order to evaluate potential opportunities and risks for the recycling of gallium from printed circuit boards (chips) and LED used for backlighting, an analysis of barriers, which support or limit the recycling of gallium has been carried out following (Rotter et al., 2016a (Rotter et al., , 2015 . Here, all boundary conditions regarding product related properties, available and used technology for liberation, separation and refining of the material as well as economic parameters were considered. Supportive information S4 shows the investigated parameter.
Results & discussion
4.1. MFA gallium 4.1.1. Material flow model of the system "production"
This model consists of five processes, while one process represents the losses occurring during the primary production of gallium and the further processing. In 2012, 32,000 ± 3,200 kg of gallium were extracted as a by-product of the aluminium production (cf. Figure 3 ). Only 70 % of the gallium potential is extracted from the lye in the Bayer process. Through this, 14,000 ± 2,300 kg gallium remain in the red mud and is subsequently landfilled. This represents the highest loss in the system 'production' (cf. supportive information S2.2.1).
Figure 3: Quantitative material flow model of the system "production" for gallium
In order to concentrate and to obtain required grades, the gallium is subsequently refined (cf. supportive information S2.2.2). Here, the refining losses are much smaller with 6,900 ± 3,700 kg. From the refining step, about 63,000 ± 12,000 kg of gallium is transferred to the processing industry. This increased amount of gallium is subjected to recycled new scrap, which arises mainly in the wafer production. This material can be recycled and is led back to the refining process. This saves 38,000 ± 8,700 kg of the containing gallium. Here, only 3 %, i.e. 2,500 ± 740 kg are lost during the recycling. This is the lowest quantity of lost gallium in the system "production". Figure 4 shows the subsystem "processing industry" (cf. supportive information S2.2.3). Two of the four output flows depict losses, which are assigned to the wafer production (cf. supportive information S2.2.4) and to the chip production (cf. supportive information S2.2.5). In the chip production process, the substrate thickness must be reduced or partially removed. Here, a high concentrated gallium material is lost. This flow accounts to 11,000 ± 2,400 kg of a total of 14,000 ± 3,000 kg transferred into this process. Herewith, the losses in the chip production are comparable to the losses in the primary production of gallium.
Although a high percentage of the production waste is recycled after the wafer production, about 8,200 ± 1,900 kg gallium are not recovered. In total, only 8 % of the refined gallium is applied in electric and electronic products in form of chips. In 2012, the system "production" had a total loss of 43,000 ± 4,700 kg, which is 93 % of the total gallium input. These flows are supposed to be transferred to e.g. landfills as red mud, which represent a stock. As stock transfers prior to 2012 are not known, this study shows only the change in stock. For a direct comparison, Figure 5 shows the relative values. The highest losses with 33 ± 5 % occur during the primary production of gallium, followed by the chip production with 26 ± 5 % and wafer production with 19 ± 5 %. Only low losses are assigned to the refining process (16 ± 9 %) and the recycling of the new scrap (6 ± 2 %).
Material flow model of the system "waste management"
Major losses within the system "waste management" base on an insufficient collection of arising WEEE (cf. Figure 6 ). Not collected WEEE is assigned to losses over residual waste collection, at home stored end-of-life devices and a transfer of WEEE into the informal sector (cf. supportive information S2.3.1). All flows in this system were determined individually for PCB and LED bearing devices. Figure 7 illustrates the gallium amounts referring to the gallium bearing PCB applied in the investigated equipment types in WEEE. In Germany in 2012, over 400 kg gallium arise with the generation of WEEE. About 340 kg of this potential was not collected. Major part constitutes of mobile phones with a share of over 280 kg. Only almost 80 kg gallium was collected through the formal collection of endof-life devices. For gallium flows related to LED, applied as background lighting in WEEE screen devices, the differences between the investigated equipment types are not as high as for gallium flows related to PCB. Results for the three investigated device types are depicted in Figure 8 . Here, a total of almost 10 kg arises with WEEE in one year. The losses range from 1.3 kg to 2.5 kg gallium.
Figure 8: Collected and not collected gallium amounts through LED used for background lighting in WEEE
The total amount of collected PCB and LED related gallium sums up to almost 80 kg. Figure 9 shows the distribution according to the investigated equipment types. Mobile phones clearly account the major share with 43 % of the total gallium collected with WEEE, followed by desktop PC (14 %). All other equipment types have a share less than 10 % each. Figure 10 and Figure 11 show the gallium flows for the relevant equipment types with applied PCB or LED within the treatment of WEEE (cf. supportive information S2.3.2, S2.3.3 and S2.3.4). Here, Figure  10 shows the flows of collected gallium from PCB, Figure 11 for gallium from LED for background lighting. After the collection step, all material is directed to a manual pre-treatment, followed by mechanical processing. Here, losses are assigned to an incorrect sorting of the PCB and dust discharges in general. Subsequent to the pre-treatment, recyclates are further processed with metallurgical approaches in order to recover single metals. The used pyrometallurgical processes are not optimized for a recovery of gallium. Through this, gallium is not concentrated as a single output and 100 % of the gallium input is lost. So far, only one process is known from Umicore. But here, gallium is recovered only from CIGS solar modules. Figure 10 shows, that the highest gallium losses related to PCB are assigned to mobile phones with 13 kg. All other investigated equipment types account for 0.3 kg to a maximum of 5 kg lost gallium. Since no gallium in WEEE is recycled the sum of the losses is the same as the input into the system "waste management". In total, 40 ± 8 kg gallium is lost during the manual disassembly and the mechanical treatment. This is almost the same amount, which is lost during the metallurgical processes.
In contrast to the PCB treatment, no gallium containing concentrate for LED is generated after the disassembly or mechanical treatment, which leads to complete loss at this stage ( Figure 11 ). The sum of the LED loss is 3.7 kg and is also here the same as the input in this system. The cumulated gallium losses in the system "waste management" related to LED and PCB sum up to 400 ± 200 kg. Figure 12 shows the relative proportions. Here, WEEE collection accounts almost 80 % of the total losses. WEEE treatment is related to lower losses, although no gallium is recovered here. 4.2. Technical approaches for the recovery from gallium bearing components Table 5 describes the physical properties of the chips. The inner structure is very complex, varying for each chip type. Table 6 shows the obtained sorting fractions after the thermal treatment and the assigned sample numbers, which are used for a further description. T3-3.1, T3-3.2, T3-3.3, T3-3.4, T3-3.5] - Figure 13 depicts exemplary the sorting fractions of chip type 1 and 2. Type 3 is optically similar to the first type. Red circles mark single components with unlikely appearance, which were categorized to the most probable fraction. 
Determination of chemical composition with XRF analysis
Results of the chemical analyses showed a mixture of various elements, including high shares of precious metals in some fractions. Here, six most relevant elements according to their mass shares and economic significance were chosen to be investigated in more detail. Those are copper, gallium, T1-2 T2-2
germanium, arsenic, silver and gold. Figure 14 shows the results for each sample in detail (cf. supportive information S3.4). In each IC chip, at least one fraction holds a gallium mass share between 25 and 32 %, but also a share 20 to 28 % of arsenic. In all chips, this applies for the "electronic component" fraction, in which gallium and arsenic is applied in a similar ratio. In six fractions, gallium was detected, four had higher mass fractions, from which two fractions were found in chip type 3.
Another critical element, which is also defined as target metal in the UPgrade project is germanium. Germanium was found in 9 of 15 fractions in very low concentrations ranging from 0.15 to 0.6 %.
Highest copper loads were found in the metal plate on the back of each chip (T1-2, T2-2, T3-2), while a smaller amount was applied in the isolation with copper connectors (T1-1, T2-1, T3-1).
Gallium and arsenic can be assigned to particular sorting fractions. Furthermore, the results prove the possibility of concentrating gallium and arsenic with the tested approach. In all investigated chips, the GaAs rich fractions were assigned to "electronic modules", which can be recognized by its light golden glimmer. Besides gallium, this fraction contains economically valuable metals like gold or copper. Here, further studies must evaluate a combined recovery of these applied metals.
Based on the weights of the fractions and the determined mass fractions of applied elements, potential loads of target metals have been calculated (cf. Table 7 ). These results are only approximate values, as the measurement accuracy of the used XRF technique is limited. No significant differences were determined for copper loads in the investigated chips. Copper constitutes the most applied metal in all investigated chips, followed by the sum of gallium and arsenic. In type 3, the gallium and arsenic load is much lower, whereas the gold load is higher compared to type 1. In two of three chips the mass of gold content is higher than the load of gallium.
Analysis of recycling barriers
Results obtained from the recycling barrier analysis were converted into a SWOT diagram to depict opportunities and risks for the recycling of gallium from chips applied on PCB and LED in a comprehensive way. Each application is assessed in a single analysis. The SWOT analysis for chips is depicted in Table 8 , LED is shown in Table 9 .
The relatively small shares of gallium bearing components in PCB or LED leads to a dilution with other material in conventionally applied recycling processes. Ending in the pyrometallurgical process for copper and precious metals refining, gallium is transferred oxidized to the slag. Based on this, gallium rich components must be separated prior to any mechanical processing with other material. In particular mobile phones and newly tablets are important gallium sources, bearing more than 40 % of the total gallium loads in the IT and entertainment equipment.
This study proves a liberation and separation of gallium containing components in IC. Relevant components with high gallium shares were separated. This material must be treated subsequently for a selective isolation of gallium from the copper, gold matrix. Arsenic as a contaminant has to be investigated in detail as well. Other studies in UPgrade showed a possible approach for the treatment of LED (Rotter et al., 2016b) .
Here, an isolation of the chip from the converter material, which contains rare earth elements was executed. A concentration of gallium is possible as well. These results will be published in a forthcoming paper. 
Conclusion
Currently, a recycling of gallium applied in WEEE could not cover the needs for the production of new EEE products. In Germany in 2012, 2,900 ± 810 kg gallium was supplied in form of semi-finished products. In contrast, only about 400 kg gallium arose with the obsolescence of EEE, from which only about 80 kg were collected with the general collection of WEEE. Gallium is not recovered in current WEEE recycling processes. Moreover, a recycling from post-consumer waste is not expected in a short or middle term perspective.
Nevertheless, the recycling of gallium from WEEE is technically feasible. Yet, due to the design and use of gallium bearing components, various process steps are required. In particular the identification and separation of according components is complex. But, the use of gallium is limited to only a few applications, which might facilitate such processes. Material flows of similar components could be combined to supply larger mass flows to recycling facilities. This study proves the technical possibility of liberation and separation of gallium concentrates. Selected subsequent processes would enable the recovery of gallium and other valuable materials like gold and copper. This combines economical and ecological requirements for developing recycling strategies for critical raw materials.
Yet, major losses of gallium occur not in the waste management, but rather in the production of gallium bearing components. In Germany in 2012, losses in various process steps summed up to 43,000 ± 4,700 kg, which is 93 % of the total gallium input. The largest share is related to the primary production, due to transfers of gallium to the red mud. Therefore, recycling strategies for gallium from red mud and optimized processes for the gallium extraction bear major opportunities to reduce gallium losses and to improve efficiencies. Other high losses are assigned to the chip and wafer production. Here, focus should be set on the optimization of the waste water treatment. 
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S1 Data collection
The mass flow analysis for gallium in the systems production, processing industry and waste management is based on many scattered data, which has to be harmonized. Many data sets are very difficult to access or do not even exist so that assumptions or data conversions were made based on different sources. Depending on the reliability and accuracy of original data to be transferred into the model, uncertainty must be determined and used for further calculations. Table 1 shows all required data for the development of the gallium MFA model for all investigated systems. 
Processing industry
Wafer production -Input amount of refined gallium -Losses due to production waste -Amount of recyclable materials from production residues -Amount of gallium finally applied in wafer Based on S2.2 Data base for system "production"
S2.2.1 Primary production of gallium
Germany represents one of the major producers of primary, secondary and generally refined gallium (USGS, 2016) . INGAL Stade, which is owned by Molycorp (50 %) and 5N plus (50 %), is main producer of primary gallium in Germany (Roskill Information Services, 2014) . The production capacity is 35 t/a . In 2012, 32 t were produced (Roskill Information Services, 2014) . Only approximately one third of the actual potential of gallium in bauxite is extractable . Primary production processes from lye originating from the Bayer process as input material transfer 70-80 % of this extractable potential to refining processes. The remaining 20-30 % are disposed to the red mud (Zhao et al., 2012) .
S2.2.2 Refining of gallium
The purity is highly important for the application of gallium in electronic goods. Raw gallium usually has a purity between 99.0 % and 99.9 %. For the further use as semi conductors in semi-finished products, purities of 99.9999 % (6N) up to 99.999999 % (8N) are needed (Ullmann's Encyclopedia, 2012). For this, refining processes separate present impurities. The recovery of gallium chloride from acid solutions and fractional distillation of liquid gallium represents one option. Higher purities are obtained by fractional crystallization, zone melting, or single crystal growth Moskalyk, 2003; Ullmann's Encyclopedia, 2012) . Zone melting represents one of the most effective procedures (Ghosh et al., 2009) . Depending on the process, various losses occur. Due to impurities, edges are cut and discarded after the zone melting process. In these residues, small amounts of gallium may be present. In the single crystal growth process, gallium can be transferred to the remaining melt. (Wittmer et al., 2011) Germany has insufficient refining capacities. Almost the entire produced primary gallium in Stade as well as the secondary material from the processing industry in Germany are shipped abroad to the United States and the United Kingdom .
Only PPM Pure Metals in Langelsheim is refining gallium. In 2013, the capacity of refined gallium was 10 t/a. This value is taken for further calculations in the MFA model. An according uncertainty was determined (cf. original study). (Roskill Information Services, 2014) Refining is related to losses, depending on the origin of the material (primary, secondary source), used refining processes, and further unspecified losses. For this, no concrete data is available. Therefore, an assumption of 1 % was adopted for this MFA, originating from .
S2.2.3 Processing of refined gallium
In Germany, refined gallium is used mainly for further processing in microelectronics and to a certain extend as wafer in optoelectronics . Companies, that handle gallium are listed in Table  4 . (Roskill Information Services, 2014) One of the world's largest producers of compound semiconductor substrates for micro-and optoelectronics is the Freiberger Compound Materials (FCM) in Freiberg/Germany. In this study, the authors assume, that most of the current gallium flows enter here . FCM contributes a share of 37 % of the total GaAs substrates supply for the world market (Roskill Information Services, 2014) .
S2.2.4 Wafer production
The refined gallium is then entering the processing industry, in which it is processed to GaAs for example by means of arsenic high-pressure synthesis followed by crystal growth. Sawing and etching processes combined with subsequent polishing and cleaning steps lead to the finished wafer. Through this, process residues arise, which are differentiated in two kind of material streams. From some of these residues, gallium can be recovered. Therefore, they represent recycling streams in this study. Gallium in other streams are irretrievable lost. 60 % of the gallium input is transferred to the process residues in the wafer production. 18 % gallium, originating from scraps from crystal growing, sawing and etching processes, and 30 % in form of mud are re-directed to recycling processes. This sums up to 48 %. The remaining 12 % are lost through waste water, respectively remains in the arsenic containing precipitation sludge from the subsequent waste water treatment. In the recycling processes, about 3 % gallium is lost through process residues. Therefore, 45 % are redirected to the wafer production process (Stelter and Zeidler, 2013) . FCM covers about 40-50 % of its input with this secondary gallium.
S2.2.5 Chip production
Significant losses of gallium take place in the last step of the production chain. Process residues from substrate processing and chip production cannot be recycled to recover gallium. These residues are generated while reducing the substrate thickness after the epitaxial layers have been produced. Partially, a complete removal is conducted for the production of specific LED. Through this, only about 8 % of the total used gallium is applied in final EEE products (Stelter and Zeidler, 2013) .
Wafer production takes place mainly in the production of microelectronics and to a small extend in the production of optoelectronics. Wafer, produced by FCM in Germany, are usually exported. Further processing is carried out in Asian countries. The final components are then assembled in the USA as there is no market for this in Germany .
OSRAM Opto Semiconductors GmbH produces semiconductors for LED mainly for own needs. But, the manufacturing of the end product takes place in Malaysia. (OSRAM Opto Semiconductors, 2015) AZURRO semiconductors was a relatively small company with 42 employees in 2012 with headquarters in Dresden. In 2014, AZURRO stopped the production and registered their insolvency. They were specialized in the field of wafer production for LED and power electronics. (ALLOS Semiconductors, 2015) S2.3 Data base for system "waste management"
S2.3.1 WEEE collection
The system "waste management" starts with the obsolescence of EEE. Yet, not all generated WEEE is collected with formal collection systems. The calculation of these losses bases on extrapolations and reasonable assumptions. Due to a general lack of data, figures from 2007 are used and might differ to the data in 2012 (Chancerel, 2010) . Comparisons for single devices for different years revealed only low differences . Differences to the actual collection data gives indication for losses (stiftung elektro-altgeräte register, 2015).
In Germany, WEEE is collected and grouped in collection groups (CG). The CG and the related collected masses in Germany in 2012 are displayed in Table 5 . Based on (Umweltbundesamt, 2015) The CG consist of various device types. Table 6 shows the clusters of further considered devices per CG. Based on (Chancerel, 2010) The share of the considered devices was deducted from various sources. Table 7 depicts the shares of VCR, DVD-player and radios in CG 3. Table 8 shows the shares of printers, digital cameras, camcorder and video games / consoles in CG 3 and CG 5. For further calculations, the average unit weights are needed. Table 9 shows the average masses of the investigated devices. Based on (Baldé et al., 2015) Gallium in PCB containing devices examined the share of PCB in various WEEE devices. The mean values are used for further calculations. Table 10 shows the share of PCB for each device and the according gallium mass fraction in the PCB. 
With: Ga coll. = Gallium collected with Ga containing screen devices in kg; mCG = mass of WEEE per collection group in kg; S Device/CG = share of PCB containing devices in collection group in %; S PCB/Device = share of PCB in device in %; S Ga/PCB = mass fraction of gallium in PCB in mg/kg
Gallium in LED containing devices
The calculation of gallium in LED bearing devices considers TFT TV, PC monitors and notebooks. The collected masses in 2013 are depicted in Table 11 . Based on (Rotter et al., 2015) An estimation of the number of applied LED per device builds the basis for the calculation of the total gallium masses per device. Only white LED are considered, as gallium is mostly used for this type . In 2010, in about 30 % of LCD TV and monitors as well as in 90 % of notebooks, LED were applied for background lighting . Table 12 shows the estimated LED amounts of LED per device. 
TFT TV 150
Based on The equation used for the calculation of gallium losses for LED bearing devices is depicted in Equation 2. 
Gallium losses in WEEE collection
With this data basis, gallium masses related to PCB and LED in WEEE is calculated. Table 13 shows the resulting losses of gallium due to not collected WEEE related to PCB. Table 14 shows the not collected gallium masses for LED containing WEEE. The overall calculated share of collected and not collected WEEE in Germany in 2007 is shown in Table  15 . As gallium is applied mostly in the same devices, the transfer coefficients were used for this study. Table 16 depicts the losses of precious metals in WEEE pre-processing 
Equipment group Losses
Mobile phones 39
Desktop PC 40
CRT monitor 40
Large high-grade equipment 60
Small high-grade equipment 60
Low-grade equipment 71
Based on Gallium losses in pre-processing of PCB containing devices Gallium losses in pre-processing of LED containing devices 
S2.3.4 WEEE end-refining
Umicore recovers gallium from CIGS scrap in special recycling routes only (Oosterhof, 2011) . Other end-refiners like Boliden, Aurubis or Remondis generally do not recover gallium, neither from PCB nor from LED. CIGS are not part of this study. Due to this, 100 % of gallium from WEEE is lost in the endrefining.
S2.4 Qualitative material flow models S2.4.1 Qualitative material flow model of the system "production" S2.4.2 Qualitative material flow model of the sub-system "processing industry" 
S3.2 Weights of IC samples
S3.3 Output fractions from thermal treatment
The thermally treated IC were separated into 4 different fractions: 1) isolation with copper contacts, 2) metal plate (back of chip), 3) electronic components (chip), 4) miscellaneous 
S3.4 Chemical analyses of output fractions
S4 Analysis of recycling barriers
